We present new spectroscopic observations of the detached late-type double-lined eclipsing binary YY Gem (P = 0.814 days), a member of the Castor sextuple system and one of the benchmarks for the comparison between observations and stellar evolution theory in the lower main-sequence. In addition, we have re-analyzed existing light curves in several passbands using modern techniques that account for the conspicuous presence of spots. This, combined with the spectroscopy, has yielded a very precise determination of the absolute dimensions of the components, which are virtually identical to each other. We obtain for the mean mass, radius, and effective temperature the values M = 0.5992 ± 0.0047 M ⊙ , R = 0.6191 ± 0.0057 R ⊙ , and T eff = 3820 ± 100 K. Both the mass and the radius determinations are good to better than 1%, which in the case of the radius represents a fourfold improvement over previous results and significantly enhances the value of this quantity for testing the models. We discuss the importance of systematic effects in these measurements, by comparison with another high-precision determination of the mass by Ségransan et al. (2000) . A re-analysis of the Hipparcos transit data for Castor AB that accounts for the relative motion of the pair in its 467 yr-period orbit has yielded an improved parallax for the system of 66.90 ± 0.63 mas. With this, we have estimated the age (∼370 Myr) and metal abundance ([Fe/H] ∼ 0.0) of YY Gem from isochrone fits to Castor A and B under the assumption of a common origin. This, along with the other physical properties, allows for an unusually stringent test of the models for low-mass stars. We have compared the observations of YY Gem with a large number of recent theoretical calculations, and we show that all models underestimate the radius by up to 20%, and most overestimate the effective temperature by 150 K or more. Both of these trends are confirmed by observations of another similar system in the Hyades cluster (V818 Tau). Consequently, theoretical ages for relatively low-mass objects such as T Tauri stars derived by placing them on the H-R diagram may be considerably biased. If the radius is used directly as a measure of evolution, ages could be underestimated by as much as a factor of 10 in this mass regime. In view of these discrepancies, absolute ages from essentially all current models for the lower main sequence must be viewed with at least some measure of skepticism. Finally, we derive a new and very accurate ephemeris based on all available times of eclipse, and we lay to rest previous claims of sudden changes in the orbital period of the binary, which we show to be spurious.
1. INTRODUCTION The validation of theoretical models of stellar structure and stellar evolution relies heavily upon the accurate determination of the absolute dimensions of stars in detached eclipsing binary systems. For main-sequence stars in the mass range from about 1 to 10 M ⊙ the models are now reasonably well constrained by the observations, with some four or five dozen systems available that have the required precision of 1-2% in the masses and radii (see Andersen 1991; . The situation in the lower main sequence, however, is far less satisfactory. Despite the ubiquity of K and M stars in the Galaxy, known cases of detached eclipsing binary systems in which one or both components are of low mass are extremely rare because of observational limitations (the stars are fainter and therefore more difficult to study). For decades, only two systems composed of M-type stars were known: CM Dra (M4.5 Ve, mass ∼ 0.25 M ⊙ ; Lacy 1977; Metcalfe et al. 1996) and YY Gem (M1.0 Ve, mass ∼ 0.6 M ⊙ ; Bopp 1974; Leung & Schneider 1978) . Very recently a third example has been found, CU Cnc (M3.5 Ve; Delfosse et al. 1999) , with component masses that are intermediate between the other two systems 2 . All three binaries are flare stars.
YY Gem (Castor C, Gliese 278C, BD+32
• 1582, α = 7 h 34 m 37. s 5, δ = +31
• 52 ′ 09 ′′ , J2000, V = 9.1) belongs to a remarkable sextuple system in which the brightest member is α Geminorum (Castor). α Gem itself is a visual binary with a current angular separation of about 3.
′′ 9. The components of Castor orbit each other with a period of 467 yr (Heintz 1988) . Each of them, in turn, is a single-lined spectroscopic binary:
YY Gem
Castor A (α 2 Gem, HD 60179; the brighter star) has a period of 9.21 days, and Castor B (α 1 Gem, HD 60178) has a period of 2.93 days (Vinter-Hansen 1940) . YY Gem is separated from these two by 71 ′′ , it is at the same distance and has the same proper motion, and it is a double-lined spectroscopic binary with a period of 0.814 days (19.5 hours). Its duplicity was discovered spectroscopically in 1916 by Adams & Joy (1920) , and the first spectroscopic orbit was reported by Joy & Sanford (1926) . Almost simultaneously van Gent (1926) discovered eclipses, and presented a light curve based on photographic observations. Numerous studies since then have established that the orbit is essentially circular and that the components are very similar in all their properties. Modern photoelectric observations were obtained by Leung & Schneider (1978, hereafter LS78) , and showed a complication that earlier observers had also noted, namely, irregularities or distortions in the light curve attributed to the presence of surface inhomogeneities (spots) that are common in this class of stars. These have been generally dealt with by a variety of ad-hoc rectification procedures. YY Gem is in fact the first star, other than the Sun, on which these maculation effects were validated (Kron 1952) . The spectroscopic study by Bopp (1974) , which until now has set the limit on the precision of the masses at approximately 4% (see Andersen 1991) , has very recently been superseded by a new study by Ségransan et al. (2000; hereafter S00) reporting formal errors as small as 0.2%.
Considerable progress has been made in recent years in the modeling of low-mass stars (see, e.g., Saumon, Chabrier & Van Horn 1995; Chabrier & Baraffe 1997; Hauschildt, Allard & Baron 1999 , and references therein), with significant improvements in the model atmospheres that are now applied as boundary conditions to the interior equations, as well as in the opacities, the equation of state, and other ingredients. Because of the paucity of suitable binaries in this regime, the accuracy as much as the precision of the fundamental properties derived for the stars in the three known low-mass eclipsing systems are particularly important if the comparison with theory is to be helpful. At the level of 1% in the uncertainties, as required for such tests, the data must be examined very carefully for systematic errors that might bias the results (particularly the masses, which hinge on the spectroscopy), since these often represent the dominant contribution to the uncertainty.
The spectroscopic study by S00 certainly meets the demands for high precision in the masses. In this paper we present our own spectroscopic investigation of YY Gem based on new observations made at the Harvard-Smithsonian Center for Astrophysics, yielding masses with formal uncertainties also under 1%. Thus, two completely independent spectroscopic studies with similarly small errors are now available for YY Gem, a rare occurrence for eclipsing binaries in general, and unprecedented for the lower main sequence. This presents us with a unique opportunity to evaluate the consistency between internal and external mass errors in this key system. Accurate determinations of the radii, a sensitive indicator of evolution, also contribute critical information for the comparison with theory. In addition to our new mass determinations, we have re-analyzed existing light curves from the literature with modern methods in order to obtain improved estimates of the size of the stars in YY Gem that are also good to better than 1%.
As we discuss in §6, our results provide particularly strong constraints on evolutionary tracks and suggest rather significant shortcomings in recent model calculations that require careful attention. The impact of these shortcomings is felt especially in the field of young stars, where the theoretical ages deduced for T Tauri stars and other objects occupying the lower regions of the H-R diagram may be seriously biased. The motivation for this paper is thus fourfold: (i) To establish accurate masses for the components of YY Gem from our new radial-velocity observations, with a detailed discussion of potential systematic errors intrinsic to our study and also compared to other studies; (ii) to improve the radii by reanalyzing existing light curves with modern techniques that can model spots simultaneously with the other parameters of the light curve, and which were not available at the time the original photometric studies were made; (iii) to carry out a detailed comparison with recent stellar evolution models for low-mass stars in order to evaluate competing calculations and to test the physical assumptions involved; (iv) to investigate unconfirmed claims of changes in the orbital period of YY Gem that are quite unexpected for a system of its characteristics, and have remained unexplained.
SPECTROSCOPIC OBSERVATIONS AND REDUCTIONS
YY Gem was observed at the Harvard-Smithsonian Center for Astrophysics (CfA) from 1996 October to 1998 January. We used three nearly identical echelle spectrographs on the 1.5-m Wyeth reflector at the Oak Ridge Observatory (Harvard, Massachusetts), the 1.5-m Tillinghast reflector at the F. L. Whipple Observatory (Mt. Hopkins, Arizona), and on the Multiple Mirror Telescope (also Mt. Hopkins, Arizona) prior to its conversion to a monolithic 6.5-m mirror. A single echelle order centered at 5187 A was recorded using intensified photon-counting Reticon detectors, giving a spectral window of about 45 A. The resolving power of these instruments is λ/∆λ ≈ 35,000, and the signal-to-noise (S/N) ratios achieved for YY Gem range from about 10 to 40 per resolution element of 8.5 km s −1 . A total of 90 spectra were obtained. The stability of the zero-point of our velocity system was monitored by means of exposures of the dusk and dawn sky, and small systematic run-to-run corrections were applied in the manner described by Latham (1992) .
Radial velocities were derived with the two-dimensional cross-correlation algorithm TODCOR (Zucker & Mazeh 1994) , which uses a combination of two templates, matched to each of the components of the binary. This method is ideally suited to our low S/N observations, and has the important advantage that it minimizes potential errors caused by "peak pulling" in the standard one-dimensional correlations of composite spectra. By this we refer to systematic shifts in the velocities due to blending between the two main correlation peaks, or between either peak and the sidelobes of the other peak. The second of these problems can be significant in correlations over a narrow wavelength window such as ours, where only a limited number of spectral lines are available (see Latham et al. 1996) .
The selection of templates for the components of YY Gem presents a special challenge given the low temperatures of the stars and the demands on high accuracy for this particular system. In regular binary work at CfA on systems of earlier spectral type the templates for the correlations are usually selected from an extensive library of synthetic spectra computed for us by J. Morse, that are based on model atmospheres by R. L. Kurucz 3 . These synthetic spectra provide an excellent fit to the real observations, and have the advantage that they can be computed over a wide range of effective temperatures (T eff ), metallicities ([m/H]), surface gravities (log g), and projected rotational velocities (v sin i), specifically for the resolution and wavelength region of our observed spectra (J. A. Morse & R. L. Kurucz 2002, in preparation; see also Nordström et al. 1994 ). However, for temperatures much cooler than about 4000 K, which is precisely the case for YY Gem, the match to the spectra of real stars is degraded mainly because the models do not incorporate some key molecular opacity sources that become important in this regime. Consequently, there is the potential for systematic errors in the radial velocities and in the derived masses. As an alternative, templates based on real spectra taken with the same instrumental setup may be used, but these present complications of their own, not the least of which is the limited choice of sufficiently bright single stars with precisely the right spectral type. For example, the overlap in wavelength with the spectra of YY Gem will generally be reduced somewhat depending on the Doppler shift of the star selected as the template (in addition to the difference in heliocentric velocities), whereas the synthetic spectra described above were calculated over a wider wavelength range precisely to accommodate relative Doppler shifts. We have performed extensive series of tests with both kinds of templates, as described in more detail below. Given the similarity of the components in YY Gem, initially we selected synthetic templates with an effective temperature of 3750 K for both stars, based on preliminary estimates derived from photometry. The surface gravity was set to log g = 4.5, and we adopted the solar metallicity. To determine the appropriate rotational broadening we ran grids of cross-correlations with TODCOR for a wide range of values of v sin i separately for each template. We selected the combination giving the highest correlation, averaged over all exposures and weighted by the corresponding S/N ratio of each observation.
For historical reasons, and to avoid confusion in the identification of the nearly identical components, we follow in this paper the naming convention adopted by van Gent (1931) based on the appearance of the light curve. The star eclipsed at the slightly deeper minimum (phase 0.0, Min I) is referred to as the "primary", or star "A", in the standard photometric usage. The epoch of this minimum is given in §3, and differs only by an integer number of cycles from the original epoch reported by van Gent. As it turns out, the mass of star A is formally smaller than that of the other component, though only marginally so.
Residual systematic errors in the velocities resulting from the narrow spectral window were checked by means of numerical simulations as discussed in detail by Latham et al. (1996) . Briefly, we generated a set of artificial binary spectra by combining the primary and secondary templates in the appropriate ratio and applying velocity shifts for both components as computed from a preliminary orbital solution at the actual times of observation of each of our spectra. These artificial spectra were then processed with TODCOR in exactly the same way as the real observations, and the resulting velocities were compared with the input (synthetic) values. The differences (TODCOR minus synthetic) are shown in Figure 1 as a function of velocity and also orbital phase, and are clearly seen to be systematic in nature. They reach values as large as 2 km s −1 at the phase of maximum velocity separation, or about 1.5% of the velocity semi-amplitudes (∼120 km s −1 ). This translates into a 5% effect in the masses, which is very significant. These differences were applied as corrections to the velocities measured from the real spectra of YY Gem.
Experiments were carried out using the spectrum of a real star as the template, instead of calculated spectra. For this we chose Gliese 908 (BD+01
• 4774, HIP 117473), which has a spectral type of M1 Ve (Henry, Kirkpatrick & Simons 1994) , matching that of YY Gem. A strong exposure of Gliese 908 was obtained for this purpose with our instrumentation at the Multiple Mirror Telescope. The spectrum of the star was rotationally broadened by various amounts, and grids of correlations were run in the same way as above to determine the values that best match each component of YY Gem. Radial velocities were obtained with TODCOR as before, and corrections were determined by creating artificial composite spectra based on Gliese 908. The results were generally not as satisfactory as with the synthetic spectra. Correlation values were typically lower, the residuals from the orbital solution were somewhat larger and showed systematic trends, and the corrections for systematic effects based on simulations were some 3 times larger. The latter suggested to us that the use of this observed template carries a higher risk of residual systematic errors. In addition, the light ratio came out significantly smaller than unity, a rather unexpected result for stars of nearly equal temperature and mass (see below).
Based on these experiments we chose to adopt synthetic templates for the cross-correlations, with final parameters adjusted slightly to T eff = 3820 K and v sin i = 37 km s −1 for both stars. The temperature of the mean component is based on a number of photometric indices (see §5), while the projected rotational velocity is the average of the individual determinations (formally 36.4 km s −1 and 37.8 km s −1 for star A and B, respectively, with estimated uncertainties of 2.0 km s −1 ). Templates with these parameters were calculated by interpolation in our library of synthetic spectra. We repeated the procedure described above to derive the corrections for systematic errors due to the narrow spectral range, which changed very little.
The light ratio was obtained from our spectra following the procedure outlined by Zucker & Mazeh (1994) . Numerical simulations analogous to those described above were carried out to correct for systematic effects that result as the spectral lines of the components shift in and out of the spectral window as a function of phase. These errors reach a maximum of about 15% at the phases of maximum velocity separation between the components. The value we obtained, after corrections, is L B /L A = 1.088 ± 0.047. Strictly speaking, this is the ratio at the mean wavelength of our spectra (5187 A), but, because the stars are so similar, for all practical purposes it can be considered to be the same in the visual band.
The final heliocentric radial velocities we obtained, including corrections, are listed in Table 1 . As will be seen later in §4, the stars in YY Gem are so nearly spherical that the effects of tidal and rotational distortions on the measured radial velocities are negligible for this system.
Our spectroscopic orbital solution is shown graphically in Figure 2 , along with the observations. The ephemeris adopted here is that of §3, based on an analysis of all available times of minimum. The elements of the orbit are given in Table 2 , and the residuals for each velocity are listed with the observations in Table 1 . Tests allowing for a non-circular orbit indicated an eccentricity that was not significantly different from zero (e = 0.0034 ± 0.0032), in agreement with evidence described later from the times of minimum ( §3) and from the light curve ( §4). Consequently, we adopted a circular orbit.
In a very recent paper S00 reported new spectroscopic observations of YY Gem obtained with the ELODIE spectrograph (Baranne et al. 1996) , a high-precision instrument used for extrasolar planet searches. Due to the relatively rapid rotation of the components, the formal uncertainty of a single observation of YY Gem in this new study is degraded with respect to the normal performance of that instrument for sharp-lined stars, so that the precision of an individual radial velocity measurement turns out to be roughly the same as ours. However, the orbital fitting procedure adopted by S00 is different from ours in that they incorporate the one-dimensional cross-correlation profiles directly, rather than first deriving radial velocities and then solving for the orbital elements. The velocity semiamplitudes that they obtain 4 (K A = 121.87 ± 0.12 km s −1 and K B = 121.24 ± 0.11 km s −1 ), which ultimately set the masses, are nevertheless quite similar to ours (see Table 2 ). The main difference is that those values are systematically larger than ours by about 0.7 km s −1 , a discrepancy of ∼ 1.5σ. We discuss the significance of this difference for the mass determinations in §5. Their mass ratio (q ≡ M B /M A = 1.0052) is very similar to the value we derive.
THE ORBITAL PERIOD OF YY GEM
Numerous photometric and spectroscopic studies of the system over the years have been based on a period identical to or close to that derived by van Gent (1931) in his original photographic investigation of YY Gem, which is P = 0.8142822 ± 0.0000010 days. No evidence of any change in this period was reported in the literature until the study by LS78, who observed the star photoelectrically in 1971 and carried out a detailed light-curve analysis. These authors claimed that the classical period did not fit their data, and derived a much longer period of P = 0.81679 ± 0.00046 days from four times of minimum based on their own observations (one primary minimum and three secondary minima). This very significant change in the period (∼5.5σ) is difficult to understand for normal mainsequence stars that are not interacting, and prompted Mallama (1980a) to investigate the issue. He concluded that the LS78 period was most likely in error, probably because of the very short baseline of those observations (only six days, with the eclipse timings spanning only four days). Kodaira & Ichimura (1980) also studied the problem, and again dismissed the period of LS78 as erroneous, ascribing it to irregularities in the 1971 light curve due to spots, which could have affected the times of minimum derived by Leung & Schneider. Neither of these explanations is very easy to accept given the relatively high quality and completeness of the observations by LS78, and this discrepancy in the period has remained something of a mystery ever since.
We have re-examined the issue here, in an effort to provide an accurate understanding and a new determination of the period of YY Gem for our own re-analysis of the LS78 and other light curves in §4. In Table 3 we have collected from the literature all available times of minimum in order to look for any trends suggesting changes in the period. Excluding the four measurements by LS78, there are 57 determinations for the primary and 55 for the secondary spanning more than 73 years, obtained using a variety of methods. One of them (a secondary minimum indicated in parenthesis in Table 3 ) gave an unusually large residual, and was rejected. We performed a least-squares fit for a linear ephemeris using these data, with errors adopted from the original sources when available. Most determinations have no published errors, however, and we determined these iteratively based on the mean residuals for each type of observation (photographic, visual, and photoelectric) from preliminary fits. The adopted uncertainties for each method are σ pg = 0.0021 days, σ v = 0.0080 days, and σ pe = 0.0018 days, respectively. No unusual patterns were seen in the residuals. The ephemeris derived is Min I (HJD) = 2,449,345.112327(87) + 0.814282212(12) · E ,
(1) in which the period is nearly identical to that by van Gent (1931), but two orders of magnitude more precise. Thus, there is no evidence of any significant change in the period from the eclipse timings prior to, or following those of LS78.
The photoelectric observations by LS78 were obtained in 1971 January 13-19 at the Kitt Peak National Observatory. The authors list the heliocentric Julian date and magnitude of YY Gem in the VRI filters for each of their measurements. Using the new ephemeris above we have confirmed the claim by Leung & Schneider that their light curve is not well fit by the classical period, and that the longer value they report is clearly better for their data. Barring a sudden change in period with a subsequent return to the previous value -a highly unlikely scenario-this indicates that the problem must lie in the times of observation recorded by LS78.
The average residual of their four times of minimum from the new ephemeris is +0.0038 days. Though somewhat larger than typical for photoelectric determinations, a more serious concern is a systematic trend clearly visible over the four consecutive nights such that the first residual is −0.0012 days and the last is +0.0079 days, unacceptably large for the photoelectric technique. In an attempt to understand this we reconstructed the circumstances of each photometric observation (time during the night, hour angle, air mass, etc.) based on the Julian dates tabulated by LS78. In doing so we noticed that, for the date of these measurements, the Universal Time (from which the fractional Julian dates are computed) is numerically very similar to the Local Mean Sidereal Time. A confusion between these two would explain why the period by LS78 is longer than the true value, since its units would then be sidereal days instead of mean solar days. Correcting the LS78 period by the appropriate factor brings it into agreement with our value in eq.(1) within about 1.5σ. Thus, it appears quite plausible that all Julian dates by LS78 are indeed affected by this error.
Once the four eclipse timings of LS78 are corrected, the increasing trend we noted above in the residuals from the new ephemeris disappears completely. However, the average residual is even larger than before (−0.0126 days), pointing perhaps to some other problem. The fact that this difference is approximately twice the value of the heliocentric correction for these dates (which happens to be near its maximum) may not be entirely a coincidence, and it is conceivable that LS78 mistakenly applied the correction with the wrong sign. Under this assumption we tentatively corrected all the original times of observation, and the average residual of the four times of minimum was reduced to −0.0016, or about 2 minutes. This is now essentially the same as the mean error σ pe found above for photoelectric eclipse timings from other sources.
With the original LS78 times of observation corrected for these two effects, the scatter at the minima in their VRI light curves when folded with the period in eq.(1) is now marginally smaller than when using their own period determination. That this is a fortunate coincidence seems very unlikely, and while the confusion with the sign of the heliocentric correction is perhaps debatable, it seems clear that the long-standing mystery of the discrepancy in the period of YY Gem is adequately explained by the inadvertent use by Leung & Schneider of local sidereal times instead of universal (mean solar) times.
Because of lingering uncertainties about the second of the corrections applied to these data, we have chosen not to use the times of minimum by LS78 as modified above in our final period determination. Their inclusion has a minimal effect in any case. Nevertheless, we list them in Table 3 for completeness, with the residuals in parentheses.
The ephemeris in eq.
(1) was derived assuming a circular orbit for YY Gem. An independent fit of the times of eclipse allowing for an eccentric orbit indicated that the secondary minimum occurs at phase Φ II = 0.50018 ± 0.00014, essentially consistent with zero eccentricity. This agrees with the evidence from spectroscopy ( §2), and similar indications from the light curve solutions described below. Additional fits for separate orbital periods based on the primary and secondary minima indicated no detectable apsidal motion: P Min I = 0.814282232(18) days, P Min II = 0.814282194(19) days, with a difference at the 1.5σ level.
PHOTOMETRIC OBSERVATIONS AND ANALYSIS
Light curves for YY Gem have been obtained by a number of authors using a variety of techniques since its discovery as an eclipsing binary. In nearly all cases they have been found to be affected to some extent by distortions and irregularities that are most likely due to spots. Among the most complete and precise series of observations published are those by Kron (1952) and LS78. In both cases the original investigators rectified the light curves prior to the analysis by removing the effect of the spots empirically, since the computational methods available at the time did not allow the irregularities to be taken into account as an integral part of the analysis. Modern computer codes have improved considerably over the years incorporating better physical models, model atmospheres, and also the ability to solve for the parameters describing the effects of spots on the light curves simultaneously with the rest of the light elements. These improvements can potentially have some effect on the determination of the radius and other parameters, and have motivated us to re-analyze the original data sets in an effort to extract the most accurate results possible.
The data by Kron (1952) consist of 251 photoelectric observations made with a 0.3-m refractor at the Lick Observatory from February to April of 1948, at an effective wavelength of 5200 A. Distortions in the light curve due to spots are quite obvious and appear to affect all phases. Observations were also obtained in the near infrared (λ ∼ 8100 A), but unfortunately those measurements were never published. The data by LS78 comprise some 790 photoelectric observations in each of the Johnson VRI filters obtained on a 0.9-m telescope at the Kitt Peak National Observatory during six nights in January of 1971. The precision (mean error) of an individual measurement is quoted as being 0.012 mag, 0.009 mag, and 0.009 mag in the visual, red, and infrared bands, respectively. Once again the light curves show obvious distortions, particularly in the vicinity of the secondary minimum, which is slightly asymmetric. Close inspection also showed certain phase intervals with significantly larger scatter. Further investigation revealed that the photometric observations on some nights were pursued to very high airmass (approaching 3 in the most extreme case). After careful evaluation of the agreement among the different nights, we chose to reject observations acquired at airmasses larger than 1.8, at which we begin to see obvious distortions. In addition, a few isolated measurements that appeared markedly discrepant were eliminated. The number of photometric observations selected for further analysis was reduced to 640, 635, and 634 for VRI, respectively. The ephemeris used to phase all light curves is that given by eq. (1), and in the case of LS78 the published times of observation were corrected before use as described in §3.
The fits to the light curves were performed using an improved version of the Wilson-Devinney program (Wilson & Devinney 1971 ; hereafter WD) that includes a model atmosphere routine developed by Milone, Stagg & Kurucz (1992) for the computation of the stellar radiative parameters, based on the ATLAS9 code by R. L. Kurucz. A detached configuration, as suggested by the shape of the light curve (i.e., relatively narrow and similar eclipses) was chosen for all solutions. Both reflection and proximity effects were taken into account, even though the light curves do not show strong evidence for these. The bolometric albedo was initially fixed at the canonical value of 0.5 for stars with convective envelopes. The gravity-brightening coefficient was set to a value of 0.2, following the theoretical results of Claret (2000) for stars with the effective temperature of YY Gem. For the limb darkening we used a logarithmic law as defined in Klinglesmith & Sobieski (1970) , with first-and second-order coefficients interpolated at each iteration for the exact T eff and log g of each component from a set of tables computed in advance using a grid of Kurucz model atmospheres. Negligible differences were seen in the results when using linear, quadratic, or square-root limb-darkening approximations for the temperature and surface gravity regime of YY Gem.
A mass ratio of q = M B /M A = 1.0056 was adopted from the spectroscopic solution, and the temperature of the primary component (eclipsed at phase 0.0) was set to 3820 K, as discussed in §5. The iterations in the WD code were carried out in an automatic fashion until convergence, and a solution was defined as the set of parameters for which the differential corrections suggested by the program were smaller than the internal probable errors on three consecutive iterations. As a general rule, several sets with different starting parameters were used to test the uniqueness of the solutions and to make more realistic estimates of the uncertainties.
The solutions to the light curves of Kron and LS78 were run independently because of the conspicuous changes in the location and geometry of the surface inhomogeneities. We discuss first the analysis of the light curves of LS78, which span a wider wavelength range and display better phase coverage. Leung & Schneider (1978) Simultaneous WD fits to the VRI light curves were carried out using the mean error of a single measurement quoted by LS78 as the relative weight, w λ , of each passband (WD "curve-dependent" weighting scheme). For the weighting of the individual measurements within each passband we experimented with three different schemes: equal weights for all observations, double weight to observations within the eclipse (to emphasize the phases that contain the most information), and photon-noise dependent weights. Our tests yielded nearly identical solutions (to within 0.2%) regardless of the weighting scheme used, and in the end we adopted equal weights for simplicity and objectiveness.
Fits to the light curves of
In our initial WD solutions we solved for the following light curve parameters: the orbital inclination (i), the temperature of the secondary (or in practice the ratio T B eff /T A eff ), the gravitational potentials (Ω A and Ω B ), the luminosity of the primary (L A ), a phase offset (∆φ), and the spot parameters. Consistent with earlier indications, the eccentricity was set to zero to begin with. Numerous test solutions revealed early on that the ratio of the radii of the components (k ≡ r B /r A , where r A and r B are the fractional radii in units of the separation) was poorly constrained. This is not at all unexpected in systems like YY Gem, with very similar components that undergo partial eclipses. In such cases the solutions are often degenerate because the light curve residuals are insensitive to variations in k. To evaluate this effect using WD we ran a number of solutions in which we fixed Ω A to values between 6.75 and 7.80 and solved for Ω B (probing values of k between 0.80 and 1.15). A plot of the residuals as a function of k is shown in Figure 3 . As can be seen, the total weighted sum of residuals squared, w λ (O−C) 2 , hardly changes for k in the range between 0.95 and 1.05, leaving the solution essentially dominated by numerical noise. The rest of the orbital and physical properties of the system (i, T B eff /T A eff , the sum of the fractional radii, etc.) remained nearly constant within this k interval. Thus, the photometry for YY Gem is unable to discriminate between the sizes of the components.
An alternative is to use the light ratio from spectroscopy as an external constraint. However, as we discuss below, the light ratio in this system is not well defined either, due to the presence of spots. Under these circumstances, and given that the two stars have nearly identical masses (to within 0.5%), we chose to adopt k = 1 (i.e., identical radii) for all light curve solutions. In practice, the ratio k is not one of the parameters considered explicitly in the WD code. Instead, it is the surface potentials of the stars (which, along with q, control the sizes) that can be fixed or left free. To circumvent this problem we ran solutions by fixing Ω A to different values and leaving Ω B free until the resulting fractional radii were the same. We found that this occurred for Ω A = 7.315, which leads to a solution with Ω B = 7.334. For the remainder of the solutions we fixed Ω A to this value of 7.315.
It is quite obvious from the sinusoidal shape of the light curves outside of eclipse that at least one of the components, or perhaps both, have surface inhomogeneities. This is consistent with the level of activity displayed by the system (see, e.g., Moffett & Bopp 1971; Ferland & Bopp 1976 ), but it complicates the analysis significantly. We describe the details of our spot analysis below.
Spot modeling
The WD program incorporates a simple spot model with circular spots that are described by four parameters, namely, the longitude, latitude, angular radius, and temperature ratio (spot relative to photosphere). As is well known, the effects of some of these parameters on the light curves are typically rather similar so that they can rarely be separated on the basis of the photometric observations alone, unless the quality of the curves is superb and the wavelength coverage is very broad. For example, the latitude of a spot is very weakly constrained by the light curves, and the radius and the temperature ratio are very strongly correlated. Furthermore, the addition of these new parameters generally makes convergence more problematic, and one is often forced to consider multiple parameter subsets in order to render the problem manageable (see Wilson & Biermann 1976) .
To facilitate the analysis, we have used external constraints to fix some of the spot parameters. Doppler imaging is a powerful technique that employs fits to stellar lines to map asymmetries on the stellar surface. This technique was successfully applied to YY Gem by Hatzes (1995) using echelle spectroscopy obtained during late 1992 and early 1993. The results of Hatzes' analysis indicate that the spot activity is located within a band centered at a latitude of about +45
• on both components (although symmetry about the equator arises for systems with the high inclination of YY Gem). In addition, the temperature difference between the coolest regions and the photosphere was found to be between 300 K and 500 K, with the spots being cooler (dark). Since YY Gem is a fairly active star we cannot assume that the spot parameters (including spot size and longitude) remain constant over the 22-year span between the epoch of the LS78 photometry and the time of Hatzes' (1995) spectroscopy. It seems justified, however, to assume the temperature contrast of the active regions and their marked confinement in latitude to be more intimately related to the nature of YY Gem. There is, in fact, theoretical evidence that this may be the case. Granzer et al. (2000) have modeled the dynamics of magnetic flux tubes in stars with masses between 0.4 M ⊙ and 1.7 M ⊙ , and studied the emergence patterns of star spots at the stellar surface. For stars with the mass, rotation rate, and evolutionary state of YY Gem they predict spot emergence at intermediate latitudes, just as observed by Hatzes (1995) . Thus, for the light curve analyses in this paper we have placed the spots at a fixed latitude of +45
• and assumed them to be about 400 K cooler than the photosphere (i.e., T spot /T phot = 0.90) 5 . The only spot parameters left to determine are therefore the size and longitude.
We initially attempted to fit the light curves by considering the simplest model of a single spot on one of the components. The solutions converged towards a spot of 26.
• 8 in radius which transits the meridian at phase 0.656. However, the light curve fits displayed obvious systematic patterns in the residuals along the phases where the spot is in view. Further analysis indicated that the systematics were a consequence of the inability of the adopted spot model to fit a wave that extends for almost three quarters of a period. Intuitively one would expect a smallsized spot to be able to account for a wave spanning roughly half a period. When both the latitude of the spot and the temperature contrast were allowed to vary, the solution tended towards a larger spot (radius of approximately 55
• ) at lower latitude (≈ 35
• ) and with a temperature only 90 K cooler than the photosphere. This (somewhat unphysical) combination of parameters was the code's best attempt to account for the phase extent of the wave with a single spot, but resulted in a fit that was rather unsatisfactory. Tests with the spot located on either component were run, but no noticeable differences were seen; the information contained in the light curves is insufficient to tell which component the spot is located on.
Given the residual trends seen with a single-spot model, a better and perhaps more realistic approach to reproducing the observed light curves would be to consider an elongated spot distribution, especially since the features actually observed by Hatzes (1995) are in fact extended in longitude. This was done by adopting two spots in the WD model located at the same latitude, but at different longitudes and allowing also for different sizes. Tests were first run by assuming both spots to be located on the photometric secondary (more massive) component. The fit yielded spot radii of 21.
• 0 and 23.
• 6, with meridian transits at phases 0.733 and 0.594 (i.e., 50
• apart in longitude), respectively. This spot configuration provides a rather good fit to the out-of-eclipse wave in all filters. Further tests with one spot on each star gave a marginally better fit (total sum of residuals squared of 0.3095 vs. 0.3118). The best-fitting spots have radii of 20.
• 1 and 21.
• 0, with meridian transits at phases 0.733 and 0.587, located on the primary and secondary components, respectively.
Interestingly, a spectroscopic study of YY Gem by Bopp (1974) recorded a number of flares from both components, one of which occurred just three weeks after the observations by LS78. Various geometrical restrictions allowed Bopp to constrain the location of the flaring region to be within 45
• in longitude of phase 0.63. This active region was found to be on the surface of the secondary star. Although a direct connection between this flaring event and the dark spot we find on the secondary component from our own light curve analysis is difficult to demonstrate, we note that their phase locations (0.63 and 0.59) are strikingly similar and are at least consistent with association.
The need for two spots to adequately reproduce the shape of the out-of-eclipse region around phase 0.65 seems justified from the discussion above. Subsequent inspection of the residuals from the fit, however, revealed the presence of residual systematic deviations near the first quadrature (0.25) that suggested the presence of yet another spot. Solutions with a second dark spot on the primary component indicated that the fit did in fact improve somewhat (total weighted sum of residuals squared of 0.3076), and gave a smaller spot with a radius of 9.
• 0 that transits the meridian at phase 0.25. Although the statistical significance of this additional spot on the primary is weaker, once again there is independent evidence from flaring activity that may support its reality. Bopp (1974) reported a series of flare events during late March 1971 and concluded that they originated from the surface of the primary star in a region centered around phase 0.22, very close to the location of the dark spot suggested by the light curves. Based on this we have retained the spots described above in all subsequent fits of the LS78 light curves. A graphical representation of the location of these surface features is presented later in §4.2, for comparison with the configuration seen 23 years earlier in the Kron (1952) observations.
As a final comment on the spot fitting procedure it should be pointed out that the fitting of the out-of-eclipse wave is, in a sense, an aesthetic exercise that does not really affect the physical and orbital properties of the YY Gem system in any significant way (changes are typically within 1σ). This partly explains the strong degeneracy between some of the spot parameters and the ambiguity as to which component the spot(s) are located on. The proper fitting of the branches of the minima (particularly at the secondary eclipse) is somewhat more important. But spot adjustment is not without the risk of over-interpreting the data. The spot distribution that we have finally adopted is supported to some extent by evidence from flare studies and provides excellent fits to the light curves. The solution is not unique, however, and other configurations may be equally valid from a strictly numerical point of view. In general, one should not expect a perfect fit to all the "bumps and wiggles" of the light curve because the spot model adopted is extremely simplified. It is obvious, even from observations of the Sun, that dark spots are neither homogeneous nor circular. Nevertheless, the surface features suggested by our analysis are interesting in themselves because of the complementary and near-simultaneous evidence reported by other investigators.
Photometric solutions including spots
For our final light curve solutions of YY Gem we adopted the three-spot model described above. The rms residuals from the fit were 0.013 mag, 0.011 mag, and 0.009 mag for the VRI passbands, respectively, in very good agreement with the individual uncertainties quoted by LS78. The resulting best-fitting parameters are listed in Table 4 . The uncertainties given in this table were not adopted from the (often underestimated) formal probable errors provided by the WD code, but instead from numerical simulations and other considerations. Several sets of starting parameters were tried in order to explore the full extent of the parameter space. In addition, the WD iterations were not stopped after a solution was found, but the program was kept running to test the stability of the solution and the geometry of the χ 2 function near the minimum. The scatter in the resulting parameters from numerous additional solutions yielded estimated uncertainties that we consider to be more realistic, and are generally several times larger than the internal errors. The fitted light curves are shown in Figure 4 , with the photometric residuals at the bottom. As mentioned earlier, both eclipses are partial and approximately 78% of the light of each star is blocked at the corresponding minimum.
As can be seen in Table 4 , the star that is slightly more massive (photometric secondary) also appears to be slightly cooler. The physical significance of this result is marginal because the components are almost identical, and in fact evolutionary considerations would predict the opposite situation. The most plausible explanation for this has to do with the chromospheric activity of the components. Despite our best attempts to model the main surface features of YY Gem, in reality it may well be that the spot filling factor is such that there are no pristine areas of the photosphere. Large areas of unresolved spots on one star would make the photosphere appear darker (cooler) as a whole compared to the other star. A similar phenomenon may occur with plages. This is likely to change with time, one additional consequence being that the deeper eclipse at phase 0.0 in one epoch may become shallower than the other minimum at a different epoch. This has in fact been observed in YY Gem, e.g., as reported by Butler, Doyle & Budding (1996) . In performing light curve solutions such situations would most likely be interpreted as a reversal in the surface brightness (or effective temperature) of the components.
Additional WD solutions were run to test the effect of other parameters not considered above. One of these is third light (L 3 ), which could potentially be significant due to the proximity of YY Gem to the bright star α Gem (combined V = 1.58, at an angular separation of 71 ′′ ), if the background was not properly subtracted from the photometric observations. Solutions for L 3 in all three passbands were slow to converge due to the larger number of free parameters and the inherent difficulty in fitting for third light. The best fit was obtained for a fraction of third light of −1.2%, −3.3%, and −1.7%, for VRI, respectively. Negative values can only result if the background measurements, rather than those of YY Gem itself, are contaminated by light from Castor, but this appears to be ruled out by indications by LS78 that they were very careful in making the sky readings. Furthermore, from the early A spectral type of Castor one would expect the contribution to be essentially "white" light, and given the magnitudes of YY Gem this corresponds to fractional contributions of 1.00 : 0.32 : 0.14 for V , R, and I. Thus, our solution with L 3 free appears to be unphysical. Tests with fixed values of third light of 2%, 5%, and 10% in V, scaled properly to the other bands, led to residuals from the fits that increased with increasing L 3 . We conclude that the best solution is obtained without third light contribution.
Tests were also run by including the eccentricity (e) and longitude of periastron (ω) among the free parameters. The resulting values, e = 0.010 ± 0.005 and ω = 88.
• 2 ± 1.
• 8, are marginally significant. The value of e cos ω (related to the separation between the primary and secondary minima) is essentially zero, indicating that the secondary eclipse lies exactly at phase 0.5 as seen earlier in §3. The term e sin ω, related to the difference in width between the two eclipses, is found to be different from zero at the 2σ level. Rather than being the result of an eccentric orbit, it is more likely that this is due to imperfections in the modeling of the star spots or small systematics in the observations themselves. The secondary eclipse would be the most affected. We conclude that the orbit is circular within the errors, in agreement with earlier evidence and with the expectation from theory for a system with a period a short as that of YY Gem.
Further tests were run to explore the sensitivity to changes in the adopted mass ratio and primary temperature (upon which the limb-darkening coefficients depend rather strongly). No perceptible changes were seen in the results, indicating in particular that possible inaccuracies in the Kurucz model atmosphere fluxes do not affect the fitted light curve despite the fact that the temperature regime at which we are operating is near the lower limit of the validity of those models. Finally, additional WD runs with a range of values for the bolometric albedo and the gravity-brightening coefficient indicated that the solution cannot be improved by adopting values different from those predicted by theory. Kron (1952) As mentioned earlier, the photometry of YY Gem obtained by Kron (1952) is available for a single passband centered near the V band. Because of the poorer quality of the measurements, their smaller number, and the narrow wavelength coverage, the parameters from this light curve are less reliable than those resulting from the analysis described above. Nevertheless, a reanalysis of this material allows us to compare with the physical properties of the stars inferred from the LS78 data, which we regard as an important check on the external accuracy of the radii. In addition, it enables us to study the activity level of the system at a different epoch.
Fits to the light curve of
The WD solutions described in the previous section were used as a starting point, with all parameter settings being identical to those used for the LS78 light curves except for the spot properties and the fixed value of Ω A . A systematic search was carried out to find a value for Ω A that yields a ratio of the radii of unity when fitting the light curve. Because of the intrinsic scatter of the photometric measurements, the surface potentials that lead to k = 1 are not necessarily identical for the LS78 and Kron light curves. Indeed, we found that Ω A needed to be increased to a value of 7.48 for the fit to yield components of identical radii.
Regarding the surface inhomogeneities, the shape of the Kron light curve suggests the presence of at least two major active regions, one centered at the phase of the secondary eclipse and another one near phase 0.8. WD fits considering only one dark spot proved to be unsatisfactory. Tests were run to attempt to establish on which star the active regions are located. The results were inconclusive, although a marginally better fit was obtained with both spot regions on the secondary component (as suggested also by Kron 1952 in his original analysis). The solution we adopted has two large spots with meridian transiting phases of 0.516 and 0.836, and radii of 25.
• 5 and 35.
• 0, respectively. The sizes of these active regions are significantly larger than those found from the analysis of the light curves of LS78. This is not an unexpected result, since the activity wave in Kron's light curve clearly has a greater amplitude, approaching 0.1 mag. This is shown in Figure 5 , where the photometric effect of the surface features after subtracting out a light curve without spots is displayed for both epochs. Figure 6 shows the location of the spots on the surface of the stars, for comparison with the distribution at the epoch of the LS78 observations.
As before, the best-fitting spot parameters presented here represent only one of the possible configurations. Other combinations of spot locations and sizes may yield similarly good fits, but the physical properties of the components are essentially unaffected.
The observations along with the theoretical light curves are shown in Figure 7 , and the resulting photometric parameters from the adjustments are listed in Table 4 . The rms residual of the fit was found to be 0.020 mag, and the O−C diagram shows no significant systematic trends, indicating that the shape of the out-of-eclipse variation has been sufficiently well modeled (to the extent permitted by the photometric accuracy and the model assumptions). As can be seen, the agreement between the orbital and stellar properties derived from the analysis of the two light curve sets (Kron and LS78) is very good. Both the inclination angle and the mean fractional radius, the two key geometric parameters, are found to be identical at the 1σ level. The only slightly discrepant property is the temperature of the secondary star, which appears to be marginally greater than that of the primary component from the analysis of Kron's observations. This is an interesting result providing an illustration of our previous argument that changes in the distribution of the spots related to the activity can produce noticeable differences in the apparent effective temperatures of the components. In this case, the temperature derived for the secondary (more massive) component is consistent with what is expected from the mass-luminosity relation.
ABSOLUTE DIMENSIONS
For the final geometric properties of YY Gem we have adopted the weighted average of our determinations from the light curves of Kron and LS78. A comparison with the original solutions by those authors reveals small differences both in the mean radius and in the inclination angle. Our value for the mean relative radius (r = 0.1589±0.0014) is 2% larger than that of Kron, and our inclination angle (i = 86.
• 29 ± 0.
• 10) is about 0.
• 1 smaller than his 6 , while the differences with LS78 are −1%
and −0.
• 25, respectively. The absolute masses and radii of the components of YY Gem, along with other physical parameters, follow from the spectroscopic results in Table 2 along with the photometric  solutions in Table 4 . While the absolute masses we derive for the two stars are formally different (M A = 0.5975 ± 0.0047 M ⊙ and M B = 0.6009 ± 0.0047 M ⊙ ), the difference is statistically insignificant. Similarly, the radii of the components are so close that the observations are unable to distinguish their ratio from a k value of unity. The departure from a perfectly spherical shape is also very small. Consistent with the equal masses and radii, the difference in the effective temperatures (a quantity usually best determined from the light curves) is so small that it is completely masked by the unavoidable distortions in the photometry due to spots, as described earlier. For all practical purposes the two stars are therefore virtually identical in all their properties. Accordingly, the physical quantities listed in Table 5 are the average of the formal results for the two components.
The absolute value of the effective temperature for eclipsing binaries is generally based on photometric calibrations external to the light curves. For cool stars such as YY Gem this has always been problematic. Few dwarfs with truly fundamental temperature determinations are available, and many of the calibrations actually rely on the photometric properties of giants for this temperature regime, or even on a blackbody approximation. Others based on the infrared flux method are model-dependent to some extent. Significant advances have been made in recent years in the modeling of the photospheres of M dwarfs, used to compute synthetic colors (e.g., Hauschildt, Allard & Baron 1999) , and efforts to establish a temperature scale for these stars have improved the situation considerably (see, e.g., Kirkpatrick et al. 1993; Leggett et al. 1996; Bessell, Castelli & Plez 1998; Krawchuk, Dawson & De Robertis 2000) . Nevertheless, some discrepancies still remain between calculated colors and observed colors (see Baraffe et al. 1998) . For the present work we have relied mostly on empirical calibrations available for a number of different color indices. YY Gem has been well observed photometrically from the ultraviolet to the infrared, in a variety of systems. These measurements have been transformed to a uniform system following Leggett (1992) , averaged, and collected in Table 6 . The calibration used for each index is also indicated in the table. In addition, Bopp, Gehrz & Hackwell (1974) extended the infrared observations to 10 µm, and obtained another estimate of T eff from the spectral energy distribution (SED) of the star. There is good agreement between all of these estimates. However, the formal error of the average, 3820 ± 40 K, does not reflect systematic errors that may be present in the calibrations. These are rather difficult to quantify, and we have thus adopted a more realistic value of T eff = 3820 ± 100 K for both components. This is the temperature we have used consistently for our spectroscopic and photometric analyses. Table 5 also lists the average v sin i that we measure for the stars in YY Gem, which is very close to the value expected for synchronous rotation (v sync sin i) given the very short period of the system. We note also that the spot distortions in the LS78 light curves are seen to occur at the same phases from cycle to cycle on consecutive nights, again consistent with synchronous rotation (assuming the spots are fixed on the stellar surface). The luminosity and absolute bolometric magnitudes are given in Table 5 as well, based on the effective temperature and radius. Because of the uncertainty in the bolometric corrections (BC) for cool stars, the mean absolute visual magnitude, M V , is more accurately determined in this case from the apparent visual magnitude of the system and the Hipparcos parallax (corrected as described in the Appendix). This value of M V along with the radius, in turn, provides a check on the temperature for an adopted table of bolometric corrections. Using the BC scale by Flower (1996) , we obtain consistency with the radius and M V for a temperature of 3840 K and BC = −1.40. This temperature is only 20 K higher than our mean estimate from color indices. On the other hand, if we adhere to our temperature of 3820 K, the bolometric correction required by the observations (radius, M V ) is BC = −1.38, whereas the value from Flower (1996) for this temperature is BC = −1.44.
Consistent with the poorly-determined difference in the temperatures of the components of YY Gem, the luminosity ratio in the visual band is also rather uncertain. The three values for (L B /L A ) V derived in this paper are all different: 1.021 ± 0.074 (Kron light curve), 0.886 ± 0.010 (LS78 light curve), and 1.088 ± 0.047 (spectroscopy; §2). This is most likely another manifestation of the activity of the stars, and under these circumstances the safest assumption is that they are equally bright.
Evaluation of systematic errors in the masses
The paucity of good mass and radius determinations in the lower main sequence makes it especially important to examine these estimates critically to ensure that they are as free as possible from systematic errors, which could compromise the comparison with theoretical models. This is particularly true for the mass, which is the most fundamental of all the stellar properties. The uncertainties given above for our mass determinations (0.8%) are strictly internal errors. Even though we have made every effort to minimize systematics in our radial velocity measurements, residual errors affecting the accuracy are bound to remain at some level.
One example of such errors is due to the spots present on one or both stars. Distortions in the spectral lines produced as spots transit the visible disk of a star can cause noticeable changes in the measured Doppler shifts. In Figure 8 we show the effect that the spots had on the radial velocities at the epoch of the photometric observations by Kron (1952) and by LS78, as computed with the WD code based on the light curve fits in §4.1 and §4.2. The magnitude of the perturbation in the velocities is relatively small, and it is unclear whether the velocities we have measured here by cross-correlation are affected by the full amplitude of these corrections, but presumably they could be biased to some extent. As a test we have applied these corrections to our measured velocities to estimate the impact on the mass determinations. The primary and secondary masses change by up to 0.2%, which is smaller than our internal errors.
The very recent study by S00 provides a valuable opportunity to test the external accuracy of the mass determinations for YY Gem, given that both studies have formal errors under 1%. S00 obtained 37 spectroscopic observations of the binary with good phase coverage, and solved for the orbital elements by an elegant method that uses the correlation profiles directly, instead of deriving radial velocities in the standard way, as we have done. Those authors pointed out that their technique greatly reduces the effective number of free parameters of the least-squares adjustment, and results in a significant improvement in the accuracy of the orbital elements (although, strictly speaking, we believe they were probably referring to the precision of the elements). Their published masses are M A = 0.6028 ± 0.0014 M ⊙ and M B = 0.6069 ± 0.0014 M ⊙ for the photometric primary and secondary, respectively, which are approximately 0.9% and 1.0% larger than ours. These differences are not much larger than our formal errors, and in principle they suggest good agreement. The uncertainties reported by S00, on the other hand, are 0.2%. At this level, the variety of systematic effects that can find their way into the mass estimates is enough of a concern that we believe such a small error may be too optimistic for this system.
During the refereeing process for this paper a number of issues regarding the S00 results emerged that are relevant for our discussion of systematic errors in the masses. For example, we learned that their current best fit to the observations that includes an iterative correction for the effect of the sidelobes of the correlation function (not accounted for in their original analysis) gives masses that are slightly but noticeably larger than the results they reported earlier. The nature of this effect is analogous to the bias that we described in §2, and which we addressed for our own data by using TODCOR coupled with numerical simulations. The new values they obtain, which supersede the original results, are M A = 0.6078 ± 0.0013 M ⊙ and M B = 0.6110 ± 0.0014 M ⊙ (Forveille 2001, priv. comm.). These represent an increase of 0.8% and 0.7% over the published masses, or approximately 4σ in terms of the internal errors. The updated S00 masses are 1.7% larger than ours, a 2σ difference. Subtle effects such as this illustrate the great care required to avoid potentially significant systematic errors at the 1% level.
Another example is the well-known Rossiter effect 7 (Rossiter 1924; McLaughlin 1924) , which affects the line profiles in spectra obtained during eclipse. For YY Gem the distortion in the measured radial velocity can amount to 6 km s −1 . Such observations are best avoided, as we have done here, unless the distortions are explicitly included in the modeling of the velocity curves. A handful of the observations used by S00 do indeed fall within the eclipse phases. However, the analysis technique they use, which bypasses the velocities altogether, is apparently immune to this effect, at least in the case of YY Gem (Forveille 2001, priv. comm.).
As shown above, the effect of the spots on the mass determinations is at the level of the uncertainties quoted by S00. By coincidence, though, their observations are virtually simultaneous with ours so that the surface features are not likely to affect the difference between our mass determinations and theirs. But they cannot be completely ignored as a potential source of systematic errors in the absolute masses at the 0.2% level.
Finally, it is worth pointing out that for the highest accuracy in mass determinations, even an issue as trivial as the numerical constant in the classical formula for the masses of a spectroscopic binary cannot be overlooked 8 . The difference between the value we have adopted (1.036149 × 10
; see footnote) and the time-honored value 1.0385 × 10 −7 (e.g., Batten, Fletcher & MacCarthy 1989) is once again at the 0.2% level. A slight inconsistency we noticed between the velocity semi-amplitudes published for YY Gem by S00 (K A and K B in their Table 2 ) and the absolute masses they reported (Table 3) originally led us to suspect a problem of a similar nature. As it turns out, however, the numerical constant they used is nearly identical to ours, and the explanation for the inconsistency is even more trivial 9 . The message we wish to convey to the reader with the arguments presented in this section is the difficulty in reaching accuracies (as opposed to a precision) in the absolute masses much better than 1% for a system with the characteristics of YY Gem. It is entirely possible that some of the astrophysical effects mentioned above, such as spottedness, may ultimately set the limit for stars of this class.
DISCUSSION
The considerable importance of the YY Gem system is illustrated by the fact that, over the last three decades, it has been used on numerous occasions together with CM Dra to help establish the empirical mass-luminosity (M-L) relation and the absolute calibration of the temperature scale for Mtype stars. Because they are eclipsing (and hence the radii are directly measurable), these two systems have provided by far the strongest constraints on models of stellar structure and evolution in the lower main sequence. For the most part, recent comparisons have concluded that there is reasonably good agreement between the models and the observations (see, e.g., Chabrier & Baraffe 1995; Luhman & Rieke 1998; Palla & Stahler 2001) . The number of model calculations reaching down to the mass of YY Gem that have become available and are in current use is large enough, however, that the situation has become rather complex. Statements regarding the consistency of a particular set of models with the observations are not necessarily true for others, given that they all make different assumptions regarding issues such as convection, the equation of state, boundary conditions, the helium abundance, etc. Many of these calculations are intended specifically for the pre-main sequence phase. With our new and improved determinations for the mass, radius and temperature of YY Gem we have taken the opportunity to revisit this in more detail. We have considered essentially all of the models that are most often used in the current literature for chemical compositions near solar, and we compare them not only with YY Gem but also against each other.
Comparison with stellar evolution models
The mass of the mean component of YY Gem is conveniently very nearly equal to 0.6 M ⊙ , which is one of the mass values tabulated in all model calculations. In addition, as we show below, the metallicity of YY Gem is probably not far from the solar value, also the standard reference point for abundances. Figure 9 displays evolutionary tracks for this mass in the log g vs. log T eff diagram from seven different model calculations for solar composition, along with our determinations from Table 5 . The vertical section of the curves corresponds to the contraction phase prior to the main sequence. At first glance several of the tracks appear consistent with the observations, within the error 7 This effect is caused when the star that is in front partially occults the approaching or receding limb of its companion. This results in a loss of symmetry so that the Doppler shift of the star behind, when integrated over the visible part of its disk, no longer corresponds to its center-of-mass velocity. 8 The relevant quantity in this constant is the product GM ⊙ between the Newtonian gravitational constant (G) and the mass of the Sun (M ⊙ ), referred to as the "Heliocentric gravitational constant". We note that G and M ⊙ occur only as a product in the modeling of solar system dynamics, and do not appear separately. The value of GM ⊙ adopted in this paper is that recommended by the IAU (e.g., The Astronomical Almanac 2002; see also Standish 1995) , and leads to a numerical constant in the formula for the masses of 1.036149 × 10 −7 , when the period is expressed in days and the velocity semi-amplitudes are given in km s −1 .
9 Due to a clerical error, the orbital elements reported in Table 2 by S00 actually correspond to an earlier orbit that was adjusted to radial velocities, rather than to the full correlation profiles (Forveille 2001, priv. comm.) . The mass values in their Table 3 , on the other hand, do correspond to the final orbit from their original analysis. The semi-amplitudes that were used to compute the updated masses given above (including sidelobe corrections) are K A = 121.87 ± 0.12 km s −1 and K B = 121.24 ± 0.11 km s −1 .
bars. We note, however, that they span a broad range in effective temperature, and there are also important displacements in the vertical direction. The latter have a significant impact on the age deduced for the object from a diagram such as Figure 9 , since isochrones in this plane are roughly perpendicular to the tracks, sloping only slightly from the upper right to the lower left. The triangles on each of the tracks indicate the locus for an age of 100 Myr, for reference. If one were to use these models and the associated isochrones to estimate the age of YY Gem, much in the way this is commonly done in the H-R diagram, the results would range from 30 Myr to 85 Myr, with most of the values falling in the 30-50 Myr range. Laying aside for the moment the disagreement in the mass, one would conclude that the system is very young, and that it is perhaps still in the pre-main sequence phase. This possibility has in fact been advanced by Chabrier & Baraffe (1995) , who pointed out that a star of this mass takes approximately 300 Myr to reach the main sequence, according to their calculations. As we show below, however, the age of this system is almost certainly considerably larger than the isochrones seem to indicate, which points to a rather serious discrepancy in all the models.
The discrepancies between the different models can be traced in most cases to the physical assumptions, as mentioned earlier, but these assumptions come in such a bewildering variety of combinations that it is often difficult or impossible for the typical user to choose the most realistic set of calculations for all applications. In recent years the models by Baraffe et al. (1998) have emerged as one of the most commonly used in this mass regime. Compared to other calculations, they incorporate a more sophisticated treatment of the boundary conditions for the interior equations based on the "NextGen" model atmospheres by Hauschildt, Allard & Baron (1999) , which has been found to have a significant effect on the temperature profile for cool stars. The evolutionary tracks by Siess, Forestini & Dougados (1997) also use a non-grey approximation for the boundary conditions, based on analytical fits to the model atmospheres by Plez (1992) for cool stars. Nevertheless, even these two sets of calculations show important differences, as seen in Figure 9 , and predict ages for YY Gem that differ by almost a factor of two.
The comparison in the log g vs. log T eff plane makes use of three observable quantities: the mass, the radius, and the effective temperature. Though important, these are insufficient for critical tests of stellar evolution theory in the sense defined by Andersen (1991) , i.e., tests that allow one to rule out at least some of the calculations. This is because there are still several free parameters left in the models that can be adjusted to improve the fit, most notably the age and metallicity. Furthermore, for YY Gem we do not have the added constraint that both components in the binary must fit the same isochrone, because the stars are virtually identical and reduce to a single point for all practical purposes.
In this particular case, however, the fact that YY Gem is a companion to Castor A and B, altogether forming a sextuple system, gives additional information that we use in the next section to provide much tighter constraints on the models. Not only can we estimate the metallicity of the system, but also the age, which is not normally one of the known parameters in other binaries. Isochrone fits to Castor A and B using a number of current models give an age of roughly 370 Myr and a heavy element abundance of approximately Z = 0.018 (very nearly the same as the solar abundance). These estimates are supported by other analyses in the literature and an independent spectroscopic study. Details of these important determinations and a more complete description of the Castor system, including the evidence that its components are physically bound, are given in Appendix A.
A more stringent comparison with the models
With the mass, radius, temperature, absolute visual magnitude, and now also the metallicity and age of YY Gem known to various degrees of accuracy, a far more demanding test of stellar evolution models can be carried out that is usually not possible for other eclipsing binaries in the general field and is probably unique among the low-mass stars. In this section we have considered nine different sets of theoretical calculations that include essentially all of the models that are most often used or that are available for the mass regime of YY Gem: Swenson et al. (1994) (2001) 10 . Whenever possible we have interpolated isochrones from all of these models for an age of 370 Myr and Z = 0.018, as determined from the fits to Castor mentioned above. For the Palla & Stahler (1999) models the heavy element abundance is solar and the oldest age available is 100 Myr, but these limitations do not affect the isochrones for YY Gem or our conclusions significantly.
A detailed comparison of the physical and numerical assumptions of each set of calculations is beyond the scope of this paper. Some of these models do not focus specifically on the lower main-sequence although they do nominally reach small masses, and thus they may be expected to be less successful in reproducing the observed properties of these stars. As mentioned earlier, the models by Siess et al. (1997) and Baraffe et al. (1998) implement a more sophisticated treatment of the boundary conditions for cool stars through the use of non-grey model atmospheres, and also use a more elaborate equation of state that includes non-ideal effects such as pressure ionization and Coulomb shielding. Because of this they might be expected to give a more realistic representation of the real properties of low-mass stars. Thus, we have considered these two models separately in the comparison with the observations. Figure 10 shows this comparison on different planes, for all low-mass models except the two mentioned above. The mass is the best determined of the four observable quantities (M, R, T eff , and M V ), followed by the radius. These two are of a more fundamental nature than the temperature, since they do not depend on external calibrations. Thus we begin by considering the mass as the independent variable.
The mass-radius diagram in Figure 10a clearly shows that all models underestimate the radius, by as much as 15% in some cases. The Swenson model comes closer to reproducing the observed radius (∼5% difference), although the discrepancy actually corresponds to more than 5σ.
In Figure 10b most of the models are seen to predict temperatures that are too hot for the mass of YY Gem, whereas the Swenson et al. (1994) isochrone shows good agreement with the observations. The overall spread in the predicted temperatures in this diagram, for a mass equal to that of YY Gem, is nearly 200 K (5%). Theoretical calculations start to diverge towards lower temperatures, where most of the assumptions become more critical and begin to break down. Figure 10c shows the familiar M-L relation. The models that fare the best are those by D' Antona & Mazzitelli (1997) and Swenson et al. (1994) . All the others appear to overestimate the flux in the visual band by up to 0.6 mag, probably as a consequence of differences in the opacities and other physical assumptions.
Finally, the H-R diagram in the bottom panel suggests that all models overestimate the temperature at the absolute magnitude of YY Gem, with the one exception once again of the Swenson et al. (1994) isochrone, which appears to provide an excellent fit. However, the better agreement in this case, as in Figure 10b and Figure 10c , is not necessarily an indication of more sound physical assumptions. In fact, the equation of state adopted in this model, which relies on the tabulation by Eggleton, Faulkner & Flannery (1973) , is rather simple by today's standards, and, in addition, the boundary conditions are treated within the grey approximation. In retrospect, Figure 10 shows that this model tends to stand out compared to all the others, in all four planes. The same is seen in Figure 9 .
Among the eclipsing binaries with well-determined component masses under 1 M ⊙ , UV Psc (HD 7700) and V818 Tau (HD 27130) have secondaries that are only slightly more massive than YY Gem, and might serve to confirm the trends seen in Figure 10 . Both have M = 0.76 M ⊙ . UV Psc is apparently an old and somewhat evolved object (see Popper 1997 ) of unknown metallicity and is therefore not as useful here. On the other hand V818 Tau is a member of the Hyades cluster, which happens to have a composition ([Fe/H]= +0.13; Boesgaard & Friel 1990) not far from what we have estimated for Castor. The well-known age (∼600 Myr) is somewhat older than that of YY Gem, but this difference has a negligible effect on the properties of stars of this mass. By combining the light-curve solutions for V818 Tau by Schiller & Milone (1987) with the spectroscopic analysis of that system by Peterson & Solensky (1988) we obtain the absolute dimensions listed in Table 7 . The effective temperatures are based on the light curve results by Schiller & Milone (1987) , their derived color indices in several passbands, and the same color-temperature calibrations used for YY Gem in Table 6 . For the absolute visual magnitude we have adopted the Hipparcos parallax of the star.
In Figure 11 we show the observations for YY Gem and also V818 Tau B, along with the isochrones by Siess et al. (1997) and by Baraffe et al. (1998) . Models for the exact composition of V818 Tau B, which is slightly higher than solar, show only a very small difference in these diagrams, and have no effect on the conclusions. Figure 11a indicates, as before, that the predicted radii are too small, by 10% for Baraffe et al. (1998) and nearly 20% for Siess et al. (1997) . This represents more than 10 and 20 times the uncertainty in the measure radii, and is therefore highly significant. The explanation for the age discrepancy pointed out in reference to Figure 9 is now obvious: YY Gem appears too large compared to predictions, and the models therefore require it to be at an earlier stage of evolution, still contracting towards the main sequence 11 . The agreement between the two isochrones themselves in the log T eff -mass plane (Figure 11b) , the mass-luminosity diagram (Figure 11c) , and the H-R diagram (Figure 11d ) is moderately good except at the low-mass end. From the first and third of these, however, it would appear that, although the slope of the models seems correct, both isochrones tend to overestimate the effective temperature by roughly 150 K at a constant mass or a constant M V , if the empirical color-temperature calibrations are to be relied upon. For each star the discrepancy is admittedly only at the level of 1-1.5σ, but the fact that it is in the same direction for both is suggestive, and may become more significant if additional systems in this mass regime confirm the trend. The modest match between the observations and the theoretical mass-luminosity relation in Figure 11c is similar to that found in the visual band by Delfosse et al. (2000) from a larger sample of astrometric binaries, and may indicate that the model luminosities are somewhat overestimated, as mentioned earlier. Those authors also showed that the agreement in the JHK passbands tends to be better.
The discrepancy in the radii for main-sequence stars below 1 M ⊙ has occasionally been pointed out before in the literature (e.g., Chabrier & Baraffe 1995; Lastennet et al. 1999 ) but its importance has often been downplayed because of the additional degrees of freedom in the models (mainly age and metallicity) or the low precision of the observations. Both of these shortcomings are removed in the present paper so that the disagreement is now more obvious. The problem was expressed in terms of ages by Popper (1997) , who noticed that the secondary stars in eclipsing binaries in the 0.7-1.1 M ⊙ range with components differing appreciably in mass and radius appear systematically older than their primaries by factors of two or more. added more data and reinterpreted the deviations in terms of the radii, as we have done here.
This result emphasizes the importance of having the radii as a sensitive indicator of evolution, and the need for the stellar evolution models to satisfy all observational constraints simultaneously in order to pass the test. As we see in the system discussed here, the temperature and radius discrepancies tend to cancel each other out to some degree and lead to luminosities that are not too far off, at least compared to some models. So, for example, if only the mass-luminosity diagram is considered (Figure 11c , or Fig. 3 by Delfosse et al. 2000) , one might be led to believe that the agreement is perhaps satisfactory within the errors and that no action is required on the theoretical side to improve the fit. Unfortunately this is very often the situation for the lower main-sequence, largely because of a lack of other observational data (particularly radius or surface gravity determinations). The perception in the community that all is well because the fit to the M-L relation is tolerably good, within observational errors, is not uncommon. In YY Gem the discriminating power of the mass, radius, and temperature determinations is further enhanced by the fact that the metallicity and even the age can be estimated independently, which makes the test much more demanding. A common practice in the field of star formation to estimate absolute ages and masses for T Tauri stars is to place the objects on the H-R diagram, if the distance is known. In the particular case of YY Gem or V818 Tau this procedure leads to masses that are not far off from their true values because the evolutionary tracks happen to be mostly horizontal so that the temperature errors have little effect. The ages, however, are still underestimated by factors of 5 and 10, respectively, which highlights the limitations of this popular analysis tool for low-mass stars.
Another issue that we view as equally important is the need to test more than one set of models, given the fact that the assumptions are so varied that all models are different. This is the motivation for our efforts to collect and compare a large number of the most often used theoretical calculations from the recent literature (nine) for the mass regime of YY Gem. Figures  10 and 11 show that all models fail this very strict comparison with YY Gem, even the ones considered to be more realistic. Furthermore, this conclusion is supported by a second object of nearly the same metallicity (V818 Tau) with similarly good determinations of M, R, T eff and M V . Thus, it is clear that the physics of low-mass stars is not as well understood as one may gather from some recent claims.
The reason for the failure of the models to reproduce the radii (and temperature) of stars of this mass is not easy to pinpoint. One obvious candidate is the treatment of convection. Most models use the standard mixing-length prescription (Böhm-Vitense 1958) with a mixing length parameter α in the range 1.5-2.0, close to that required for the Sun. As pointed out by Chabrier & Baraffe (1995) this parameter can have a significant effect in stars like YY Gem, which develop radiative cores extending more than 70% in radius. Compared to other calculations their models use a considerably lower value of α = 1.0, yet an even smaller value would be required to fit the observed radius, which they view as unrealistic. In addition, much lower values of α appear to disagree with results from recent hydrodynamical calculations (Freytag, Ludwig & Steffen 1999 ). An alternative scheme for convection is the "Full Spectrum of Turbulence" prescription (Canuto & Mazzitelli 1991) . Of all the models tested here it has been implemented only in the D'Antona & Mazzitelli (1997) calculations, and tends to predict higher temperatures than the standard theory. The equation of state, which largely determines the mechanical structure of stars in the lowmass regime, may also be in need of improvement. Very recent work by Mullan & MacDonald (2000) even explores the effect of magnetic fields on the structure of low-mass stars. Their models show that calculations that do not incorporate magnetic fields tend to predict radii that are too small and effective temperatures that are too high, exactly as seen above for YY Gem. Though this finding is very encouraging, most likely the observed discrepancies with the observations in this mass range will turn out to be due to a combination of several model ingredients. A careful investigation of lower-mass systems such as CM Dra would probably shed some light on these issues, since convection becomes less important for smaller stars while the denser structure and cooler temperatures should highlight possible deficiencies in the equation of state.
The interesting question of whether or not YY Gem has already reached the Zero Age Main Sequence (ZAMS), raised earlier, is more complicated to answer than would appear. According to Chabrier & Baraffe (1995) a 0.6 M ⊙ star of solar metallicity arrives on the main sequence at an age of ∼300 Myr. Palla & Stahler (1999) , on the other hand, give an age of only 85 Myr. The ZAMS computed by Siess et al. (2000) that does not include convective core overshooting suggests that the age for this mass is much older (600 Myr). When overshooting is accounted for, their models give an even older age of 1 Gyr. A closer investigation reveals that the definitions adopted for the ZAMS by each group, which are arbitrary to some extent, are not the same. For example, Palla & Stahler (1999) defined the ZAMS to be the point where the luminosity released through gravitational contraction falls to 3% of the total. Siess et al. (2000) define it as the point when 0.1% of the central hydrogen mass fraction has been burnt (Siess 2001, priv. comm.) . If a definition similar to that by Palla & Stahler based on the fraction of gravitational energy is adopted for the Siess models that include overshooting, the result is ∼100 Myr. The ZAMS is thus not a very clearly defined concept, or at least there seems to be no consensus on a practical definition. This, along with the discrepancies noted above in the comparison with the observations, makes it virtually impossible to decide on the exact evolutionary status of YY Gem.
FINAL REMARKS
The lower main sequence is one of the areas of the H-R diagram where stellar evolution models are least constrained by the observations. YY Gem (along with CM Dra) remains one of the key systems in this mass regime. Our new spectroscopic observations have yielded masses for the virtually identical components good to better than 1%, differing by 2σ (1.7%) from another recent determination by S00 (updated as reported in §5.1) with formal errors also under 1%. Our emphasis in this paper has been on understanding the systematic errors, perhaps the most insidious component of the total uncertainty at this level of precision.
A re-analysis of existing light curves with more sophisticated techniques than available at the time of the original studies has allowed us to derive the radius of the mean component to a precision also better than 1%, nearly a factor of 4 improvement over the value listed in the compilation by Andersen (1991) . The radius is one of the crucial stellar properties because of its sensitivity to evolution. The difference with the original determinations is 1-2%, but the errors are now much better characterized.
To strengthen the comparison with the models we have made use of the fact that YY Gem is a member of the Castor sextuple system. The assumption of a common origin, and therefore of a common age (∼370 Myr) and metal abundance (Z = 0.018) provides important constraints that are not normally available in other eclipsing binaries. The observations for YY Gem show quite convincingly that all current stellar evolution models underestimate the radius of stars of this mass by up to 20%, and also that they tend to overestimate the temperature. A remarkably similar trend seen for V818 Tau, another well-observed eclipsing binary in which the secondary is only slightly more massive, makes these results even more compelling. As a direct consequence of the radius problem, ages for stars of these characteristics are underestimated by factors of 4 to 10, depending on the model. This discrepancy is a matter of some concern, given that many of these models are commonly used to estimate absolute ages for young open clusters, or even to date individual T Tauri stars in the H-R diagram. It is possible that offsets in temperature and radii cancel each other out to some extent in the classical H-R diagram or in the mass-luminosity diagram for certain mass regimes, but we believe that such ages must still be viewed with suspicion. It may well be that for ages much younger than that of YY Gem the deviations are not as important, but until this is shown to be the case, caution is advised.
The theory of stellar evolution in the lower main-sequence has made great strides in the last decade or so, and our current state of knowledge represents quite a significant achievement given the complexity of the physics. But it is clear that adjustments are still needed, and despite the impression one may receive from some studies in the recent literature that focus only on the H-R diagram or the M-L diagram, the ability to re-produce all of the observations simultaneously is nowhere near that of the models for higher-mass stars, where suitable eclipsing binaries are much more numerous and provide greater constraints. In fact, our use of the latter models to set the age and metallicity of Castor gives the tests described in this paper for YY Gem a differential character, in a sense. To the extent that we trust the higher-mass models, the comparison with the observations highlights the deficiencies in the theory of low-mass stars.
Favorable systems for critical tests of the models are unfortunately still very few in this mass regime, but thanks to the efforts by Popper (1996) and others, good progress is being made in the identification of additional candidates (see, e.g., . Follow-up spectroscopic and photometric studies of these objects should contribute greatly to the advancement in this field.
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APPENDIX APPENDIX: CASTOR AS A SEXTUPLE SYSTEM
We describe here the details of the determination of the age and the heavy element abundance of Castor. These are two of the key properties that we use in §6.2 to further constrain stellar evolution models for YY Gem, by virtue of the physical association (also discussed below) of the eclipsing system with the two brighter stars.
As mentioned in §1, both Castor A and Castor B are single-lined spectroscopic binaries so that the secondary components do not contribute any significant light and the photometry of each system corresponds to that of the primaries. Their position in the H-R diagram (L/L ⊙ or M V , and T eff ) may therefore be used to estimate their physical properties by comparison with theoretical calculations.
The Castor AB system was observed and resolved by the ESA astrometry mission Hipparcos. The Double and Multiple Systems Annex to the Hipparcos catalog (ESA 1997) lists H p magnitudes of 1.934 ± 0.004 and 2.972 ± 0.009 for Castor A and B, respectively, along with a trigonometric parallax of π HIP = 63.27 ± 1.23 mas. These are the main ingredients needed to compute the luminosities of the stars. In deriving these parameters Castor A and Castor B were assumed to have the same parallax (a valid assumption), but they were also assumed to have a common proper motion, which is not necessarily true due to the orbital motion of the pair. In fact, according to the elements by Heintz (1988) the relative motion over the 3-year interval in which the object was observed by Hipparcos is 345 mas, a non-negligible amount given the typical precision of ∼1 mas for the satellite measurements. The parallax is thus suspect, and the magnitudes may be affected as well. To remedy this situation we have re-reduced the Hipparcos transit data accounting for the orbital motion of the visual binary. The relative motion predicted by Heintz's orbit over the interval of observation is essentially linear: the deviation from a linear trajectory is only 1 mas in Right Ascension and 0.5 mas in Declination. For all practical purposes, therefore, it is sufficient to allow the two stars to have a different proper motion in the new solution. The parallax resulting from this new fit is π HIP = 66.90 ± 0.63 mas, with an error only half as large as before. The difference with the old value represents a change of 2.6σ (3.6 mas). We discuss the implication of this below.
The H p magnitudes also change slightly in our new fit. The new values are 1.933 ± 0.001 and 2.978 ± 0.004 for Castor A and B, respectively. We transformed these to standard Johnson V magnitudes by making use of Table 1 .3.5 of the Hipparcos catalog Volume 1 (Introduction and Guide to the Data). This table provides differences between H p and V as a function of (V − I) C (in the Cousins system). Unfortunately, no individual measurements of this color index are available for the components of Castor. To circumvent the problem, we used the spectral type of the components as a first approximation and then checked for consistency with the final set of temperatures and color indices. The most recent and thorough spectral classification of the individual components of Castor is that of Edwards (1976) . He classified Castor A as A1 V and Castor B as A5 Vm (note that the combined system was assigned a spectral type of A2 Vm, which has been a source of some confusion in later references and even in the SIMBAD database). Following the calibration by Bessell (1979) , these spectral types translate into (V − I) C = +0.015 and (V − I) C = +0.155 for Castor A and B, respectively. The transformed V magnitudes with estimated uncertainties are therefore V A = 1.93 ± 0.02 and V B = 2.93 ± 0.02.
The trigonometric parallax of Castor has been measured from the ground numerous times prior to the Hipparcos mission. The most recent compilation of ground-based values (Yale Catalogue; van Altena, Lee & Hoffleit 1995) lists 16 entries, but does not distinguish which are for Castor itself and which are for YY Gem, and simply averages all determinations. The matter of the physical association between the eclipsing binary and the two bright stars is of considerable interest here because of our assumption that they have a common physical origin. As it turns out, this is actually corroborated by other evidence, as described in more detail below. Referring back to the original sources for the trigonometric parallaxes we find that 6 of the measurements are for YY Gem, and the remainder are for Castor A, Castor B, or their average. The weighted means for YY Gem and for Castor are statistically indistinguishable from each other, as well as from the average of all 16 measurements (which is π trig = 74.8 ± 2.5 mas). This, however, is significantly larger (by 3σ) than the value we determined above based on a re-analysis of the Hipparcos transit data (π HIP = 66.90 ± 0.63 mas). There is a rather large scatter among the individual measurements from the Yale Catalogue, which in the case of Castor is to be expected due to the brightness and close proximity of the visual pair. Recent studies of YY Gem by Ségransan et al. (2000) and Delfosse et al. (2000) have adopted the mean parallax from the Yale Catalogue. We have preferred to rely here on the more precise determination based on the Hipparcos mission, a choice that translates into a non-negligible difference in the distance modulus of ∆(m−M) = 0.24 mag, making the stars intrinsically brighter. With this, the absolute magnitudes for Castor A and B are M V = 1.05 ± 0.02 and M V = 2.05 ± 0.02, respectively, in excellent agreement with the expected absolute magnitudes of dwarf stars of these spectral types (see Schmidt-Kaler 1982) . Using bolometric corrections taken from the calibration by Flower (1996) the absolute luminosities are log L A /L ⊙ = 1.52 ± 0.01 and log L B /L ⊙ = 1.06 ± 0.01.
An estimate of the effective temperatures can be obtained from the spectral type-luminosity class-temperature calibrations of de Jager & Nieuwenhuijzen (1987) . This yields values of T eff = 9400 K and T eff = 8180 K for Castor A and B, respectively. An independent determination based on color indices would be valuable, but again, no individual color indices for the components are available in the literature. Only combined values of (B−V ) = +0.04 ± 0.01 and (U −B) = +0.02 ± 0.01 have been published by Nicolet (1978) , and by several earlier sources giving nearly identical results. Individual indices can be derived from the joint photometry if the luminosity ratio between the components at each passband is known. The luminosity ratio in the V band, q V , follows directly from the difference in the apparent magnitudes: q V = 0.398 (secondary/primary). To estimate the luminosity ratios in the B and U passbands we made use of synthetic photometry computed from Kurucz ATLAS9 models normalized according to the luminosity ratio in V , and adopting also effective temperatures of 9500 K and 8250 K, solar metallicity, and log g = 4.0. Tests indicated a negligible dependence of the computed luminosity ratios on the adopted metallicity and log g. Effective temperatures for the components from the Johnson broad-band color indices were derived using several empirical calibrations: Popper (1980) , Böhm-Vitense (1981) , Schmidt-Kaler (1982) , Flower (1996) , and Bessell et al. (1998) . An average of all determinations gives values of T eff = 9420 ± 100 K and T eff = 8240 ± 150 K for Castor A and B. These temperatures are in good agreement with the preliminary estimates from the spectral types, which ensures that the analysis described herein is fully self-consistent.
The metallicity and age of Castor may now be estimated by comparison with theoretical isochrones, a number of which are available for this mass regime. Isochrone fitting based on an observed luminosity and temperature for a given star, or even for two stars as in this case, does not generally give a unique answer. There are still several free parameters in the models that can be adjusted to produce equally good fits, such as the mixing length parameter, convective core overshooting, the helium abundance, etc. In practice, however, these parameters are fixed by the authors of the models to some particular value deemed to be reasonable, and so the result of the fit to the observations will depend to some extent on those assumptions. It will also depend on the particular calibration chosen for the conversion from color indices to effective temperatures, typically built into the published isochrone tables, and to a lesser degree on the scale of the bolometric corrections. To provide some sense for the range of ages and metallicity estimates (Z) that one can obtain for Castor from isochrone fitting, Table 8 collects our determinations based on five of the most commonly used models.
For several of them we list more than one determination, which illustrates the effect of a difference in the bolometric corrections adopted ("BC" heading in column 1). For the color/temperature conversion we rely on an average of various calibrations, as described above, and thus we compare theoretical and observational temperatures directly, without making use of the calibrations built into the isochrones. The effect of a difference in helium abundance (Y ) is tested using the models by Claret & Giménez (1998) , which allow a choice for this parameter (in all other models Y is set by the enrichment law adopted). A lower helium abundance leads to an older age and a lower metal abundance.
The ages for the first four models in Table 8 range from 333 Myr to 410 Myr, a representative value being 370 Myr. The models by Siess et al. (1997) consistently give somewhat younger ages (along with larger masses) because they do not account for convective core overshooting, which has the effect of prolonging the hydrogen-burning phase. A slightly lower value for the age (200 ± 100 Myr) was derived in a study by Barrado y Navascués (1998) on the basis of the kinematics of Castor as well as lithium abundances, isochrone fitting, and activity indicators for a number of putative members of the Castor moving group.
The metallicities in Table 8 that best fit Castor are all seen to be quite near the solar value, for a range of values of Y . We adopt a representative abundance given by Z = 0.018. Direct observational support for this is scarce. Despite its brightness, Castor has rarely been studied spectroscopically at high dispersion to determine the abundance because of the close separation of the visual pair. The work by Smith (1974) appears to be the only source available, and gives [Fe/H] = +0.7 (average for the two stars) relative to Vega, although with a large error. Twenty-one independent determinations of the metallicity of Vega are listed in the latest edition of the catalogue of [Fe/H] determinations by Cayrel de Strobel et al. (1997) . The scatter is quite large, but the more recent values cluster around [Fe/H] = −0.6. The observed metallicity of Castor relative to the Sun is therefore [Fe/H] = +0.1 ± 0.2, consistent with the results from our isochrone fitting. Table 8 includes also the mass and radius inferred for the visible components of Castor A and B (referred to as "Aa" and "Ba") from the best-fitting isochrones. Three of the isochrones that also reach the lower main-sequence are shown in Figure 12 , and agree by construction with the main components of Castor but show some differences for cooler temperatures. The observational point for YY Gem is also shown.
The physical association between Castor AB and YY Gem has been studied by Anosova, Orlov & Chernyshev (1989) and Anosova & Orlov (1991) . They used all available kinematic information (positions, proper motions, radial velocities, and distances), and concluded that the total energy of the visual triple is negative, so that Castor A, B, and C are gravitationally bound to each other and most likely share a common origin. It is reasonable to assume, therefore, a common age and metallicity, which removes these degrees of freedom from the comparison between the observations for YY Gem and the models and provides for a much stronger test of theory.
YY Gem
It is interesting to note that the masses of all six components of the Castor multiple system can be inferred. Those of the two brighter stars (for which we adopt averages of M Aa = 2.27 M ⊙ and M Ba = 1.79 M ⊙ ; Table 8 ) depend upon stellar evolution models. From the orbital properties of the AB pair (a AB = 6.
′′ 805, P AB = 467 yr; Heintz 1988) combined with the revised Hipparcos parallax, the total mass of this system is 4.83 M ⊙ . The fractional mass (M B /(M A + M B ) = 0.436) by Heintz then leads to total masses for Castor A and B of 2.72 M ⊙ and 2.11 M ⊙ , respectively. By subtraction, we obtain the masses of the unseen companions of the two bright stars (albeit with a rather large uncertainty) as M Ab = 0.45 M ⊙ and M Bb = 0.32 M ⊙ . These are therefore also model-dependent. Because the spectroscopic orbits for the two close single-lined binaries are known, their mass functions ( f A (M) = 0.001334 M ⊙ and f B (M) = 0.009831 M ⊙ , respectively; Vinter-Hansen 1940) allow one to estimate roughly what the inclination angles of both orbits are. A summary of the physical and orbital properties of the sextuple system is given in Table 9 . Finally, the apparent separation between Castor AB and YY Gem translates into a projected linear separation of about 1060 AU, which implies a minimum orbital period of approximately 14,000 yr for the observed total mass of the sextuple system of 6.03 M ⊙ . Figure 10 , for the models by Siess et al. (1997) and Baraffe et al. (1998) and an age of 370 Myr and Z = 0.018. In addition to YY Gem (filled circle), we show also for comparison the secondary component of another eclipsing binary in this mass regime (V818 Tau, -Isochrone fits to Castor A and B using three different models. The ages for these isochrones are 333 Myr , 378 Myr , and 300 Myr (Siess et al. 1997; no overshooting) , and the chemical compositions are listed in Table 8 . YY Gem is also shown, and lies slightly above the three isochrones. b Mass ratio from spectroscopic solution (see Table 2 ).
c Fractional radius of a sphere with the same volume as the Roche equipotential. b Alternate values of the inclination angle for the orbits of Castor A, B, and C given by 180
• − i are also possible.
